Introduction {#S0001}
============

During the past few years we have witnessed significant improvements in the understanding of prostate cancer biology, which have led to marked changes in the treatment landscape of advanced prostate cancer, for both castration-sensitive and castration-resistant disease.[@CIT0001] After docetaxel's approval in 2004, the United States Food and Drug Administration (FDA) approved several drugs from 2010 to 2013 for the treatment of metastatic castration-resistant prostate cancer (mCRPC): abiraterone[@CIT0002],[@CIT0003] and enzalutamide,[@CIT0004],[@CIT0005] both novel androgen-receptor (AR) signaling axis inhibitors; cabazitaxel, an anti-microtubule cytotoxic chemotherapy agent;[@CIT0006] an immunotherapy agent (sipuleucel-T)[@CIT0007] and the α-emitting radiopharmaceutical drug, radium-223.[@CIT0008] These compounds added new and active treatment options for patients with mCRPC, leading to improvements in overall survival (OS), radiographic progression-free survival and quality of life (QoL), as demonstrated in the multiple positive controlled phase III clinical trials conducted with these agents.[@CIT0002]--[@CIT0008]

As intensive research continued to evolve, important areas demonstrated significant advances: increasing knowledge of novel biomarkers in mCRPC, including AR splice variant 7 (AR-V7),[@CIT0009]--[@CIT0014] AR and DNA damage repair (DDR) gene alterations,[@CIT0015]--[@CIT0018] DNA mismatch repair defects (dMMR),[@CIT0019],[@CIT0020] among others;[@CIT0021]--[@CIT0023] and also incorporation of docetaxel[@CIT0024]--[@CIT0026] and next-generation AR-signaling axis inhibitors (ARSi)[@CIT0027]--[@CIT0031] earlier in the disease spectrum, with significant overall survival benefits observed in castration-sensitive prostate cancer (CSPC). In addition, advances have also been made for non-metastatic castration-resistant prostate cancer (nmCRPC), with the FDA approval of the next-generation AR antagonists enzalutamide,[@CIT0032] apalutamide;[@CIT0033] and darolutamide[@CIT0034] in this space based on metastasis-free survival benefits.

In this manuscript, we will review the clinical development and perspectives of darolutamide (formerly known as ODM-201), a next-generation AR antagonist, for the treatment of CRPC. We will also speculate of the future role of darolutamide in this disease.

Current Treatment Landscape Of Recurrent And Advanced Prostate Cancer {#S0002}
=====================================================================

As previously discussed, the treatment options for CRPC have expanded in the last decade and new and more active therapies are currently available. [Figure 1](#F0001){ref-type="fig"} depicts the FDA approved life-prolonging or metastasis-prolonging therapies for advanced prostate cancer, including the recently approved drugs for nmCRPC (enzalutamide, apalutamide, darolutamide). Notably, while enzalutamide also has an FDA label for mCRPC, apalutamide and darolutamide will only have labels for nmCRPC initially. This schematic also includes pembrolizumab, an anti-programed cell death-1 receptor inhibitor, for patients with MMR-deficient or microsatellite-high (MSI-H) tumors. It is important to emphasize that several clinical trials are ongoing in the different prostate cancer clinical states, testing novel agents (e.g. PARP inhibitors, PSMA-ligand therapies) and/or combinations, which may further modify the treatment landscape of this disease in the near future and lead to improved outcomes for patients with advanced prostate cancer. Figure 1Prostate cancer clinical states model.**Notes:** Data created to include the corresponding agents that are FDA approved in each state. Data from Scher et al.[@CIT0035] Green boxes refer to the castration-sensitive state whereas the orange boxes refer to castration-resistant state. Green texts refer to castration-sensitive state whereas orange texts refer to castration-resistant state.**Abbreviations:** ADT, androgen deprivation therapy; nmCRPC, non-metastatic castration-resistant prostate cancer; mCRPC, metastatic castration-resistant prostate cancer; MSI-H, microsatellite instability.

Darolutamide For mCRPC: Early Drug Development {#S0003}
==============================================

Drug Characteristics {#S0003-S2001}
--------------------

Darolutamide, formerly known as ODM-201, is a synthetic nonsteroidal androgen receptor (AR) antagonist with a distinct molecular structure compared to the other next-generation AR antagonists: enzalutamide and apalutamide. It is composed of 2 pharmacologically active compounds (\[S,R\]-darolutamide and \[S,S\]-darolutamide) which convert into the metabolically active metabolite keto-darolutamide.[@CIT0036],[@CIT0037] As a next-generation AR antagonists, darolutamide is a full AR inhibitor that blocks the AR translocation into the cell nucleus and testosterone-induced downstream effects of DNA activation, cell growth and survival. However, there are important differences between darolutamide and other AR antagonists beyond the described structural features ([Table 1](#T0001){ref-type="table"}). These include: 1) higher AR inhibition potency in preclinical studies as demonstrated by the lower inhibition constant (Ki) and maximal inhibitory concentration (IC~50~) values compared to enzalutamide and apalutamide; 2) darolutamide does not activate mutant AR such as AR(F877L), AR(W742L) and AR(T878A) which lead to promiscuous activation; and 3) darolutamide has negligible blood-brain barrier penetration as demonstrated in mouse PK studies, with a brain/plasma ratio of about 2% compared to 25% for enzalutamide,[@CIT0036] which may theoretically lead to improved central nervous system (CNS) potential adverse events. However, it is important to note that despite these differences, current available data do not clearly demonstrate better clinical outcomes with darolutamide compared to enzalutamide or apalutamide. Table 1Key Differences Of Selected Next-Generation AR AntagonistsBicalutamideEnzalutamideApalutamideDarolutamideAR inhibitionYes, also a partial agonistFull antagonist (IC~50~ 219 nM)\*Full antagonist (IC~50~ 200 nM)\*Full antagonist (IC~50~ 26 nM)\*Inhibition of Nuclear TranslocationNoYesYesYesActivation of mutant ARYes (W742L)Yes (F877L)Yes (F877L)None describedIncrease of serum testosterone levelsYesYesYesNoBlood-brain barrier penetrationNegligibleYesYesNegligible[^1]

Clinical Development And Early-Phase Studies {#S0003-S2002}
--------------------------------------------

The initial clinical development of darolutamide included two important early-phase studies that assessed the safety and preliminary efficacy of the drug in patients with mCRPC: i) the ARADES study: activity and safety of ODM-201 in patients with progressive metastatic castration-resistant prostate cancer: an open-label phase 1 dose-escalation and randomized phase 2 dose expansion trial[@CIT0038] and ii) the ARAFOR study: pharmacokinetics, antitumor activity, and safety of ODM-201 in patients with chemotherapy-naive metastatic castration-resistant prostate cancer: an open-label phase 1 study.[@CIT0039] These will be discussed in turn.

ARADES was a phase 1/2 open label study of darolutamide for patients with progressive mCRPC with 2 components: a phase I component using oral darolutamide starting from 200 mg up to 1800 mg daily (non-randomized dose-escalation cohort), with a primary endpoint of safety and tolerability; and a phase II component where patients with mCRPC were randomized to receive darolutamide 200 mg, 400 mg or 1400 mg daily, with the primary endpoint of PSA response rate (decline ≥50%).[@CIT0038] Twenty-four patients were included in the phase I component and no dose-limiting toxic effects were reported; the maximum tolerated dose was not reached. Importantly, no patient developed drug-related grade 3-4 adverse events. Of the 21 patients with PSA data available, 17 (81%) demonstrated a PSA response. Regarding the pharmacokinetic analysis, darolutamide was rapidly absorbed (median time to maximum plasma concentrations (Cmax) of 3.0--5.1 hours) and reached steady-state plasma concentration after 1 week of continuous therapy. Plasma concentration of darolutamide increased linearly depending on the dose level up to 1400 mg, with a plateau affect thereafter. The mean half-live of darolutamide was 15.8 hours. In the ARADES phase II component, 110 patients were included and PSA declines of ≥50% were achieved in 29%, 33% and 33% in the 200mg, 400mg and 1400 mg groups, respectively. Treatment was well tolerated and the most common reported adverse events were fatigue (12%), hot flashes (5%\], and anorexia (4%).[@CIT0038]

In the ARADES study, darolutamide was administred in 100 mg capsules, and therefore patients on higher doses needed to take several capsules per day, amounting to a large pill burden. As an attempt to improve patient's convenience during therapy, 300 mg tablets of darolutamide were developed and tested in the ARAFOR study. The ARAFOR trial was a 2-part multicenter phase I study to compare the pharmacokinetics between the 300 mg tablet compared to the 100 mg capsule formulation and to evaluate the effect of food on darolutamide absorption (part 1), and also to assess safety and antitumor activity of darolutamide 600 mg twice-daily in 30 patients with chemotherapy-naive mCRPC (part 2).[@CIT0039] This study demonstrated a clear food interaction with darolutamide absorption, with nearly double the area under the curve and Cmax vaues after a high-fat meal compared to the fasting state after a single dose of darolutamide 600 mg. The 12-week PSA decline ≥50% rate in the ARAFOR study with darolutamide 600 mg twice daily was 83% (25 of 30 patients), and the median time to PSA progression and radiographic progression were 54 and 66 weeks, respectively. In terms of safety, although adverse events (AEs) were reported by 73% of patients (91% grade 1-2), only 20% presented with treatment-related AEs, demonstrating a good tolerability with the 600 mg b.i.d regimen. The reported AEs were all grade 1 and included fatigue, anorexia, dysgeusia, headache, abdominal pain, tinnitus, and solar dermatitis. Of note, no patient discontinued therapy due to treatment-related AEs and no seizures were reported.[@CIT0039] A subsequent analysis of the ARADES and ARAFOR trials with longer follow-up did not demonstrate any new toxicity signals, and a sustained efficacy of darolutamide in mCRPC was confirmed.[@CIT0040] Based on these results, darolutamide 600 mg (two 300 mg tablets) given twice daily in fed state was the selected regimen for the subsequent randomized placebo-controlled trial evaluating darolutamide in high-risk nmCRPC (the ARAMIS study).

Non-Metastatic CRPC {#S0003-S2003}
-------------------

Non-metastatic CRPC is a prostate cancer disease state defined by a rising PSA level in the setting of "castrate" levels of serum testosterone (\< 50 ng/dL) and no metastatic disease identified on conventional imaging such as bone scan, computed tomography (CT) and/or magnetic resonance imaging (MRI). Until 2018, there were no FDA approved drugs in this space and clinicians used to face the challenge of observing such patients with rising PSA and no available therapies to delay the development of metastasis and prolonging survival. In this setting, a common previous practice was the use of the so-called vintage hormonal therapy with bicalutamide, flutamide or nilutamide, although no randomized trials had demonstrated the benefit of this approach.

Recently, three large placebo-controlled randomized trials were conducted for patients with nmCRPC using enzalutamide,[@CIT0032] apalutamide,[@CIT0033] and darolutamide,[@CIT0034] which led to FDA approval based on improvements in metastasis-free survival (MFS). [Table 2](#T0002){ref-type="table"} highlights the main characteristics and results of the three phase III trials for nmCRPC. Table 2Comparison Of Main Characteristics And Outcomes Of The Pivotal Phase III Trials For nmCRPCDrug NamePROSPER Trial[@CIT0032]SPARTAN Trial[@CIT0033]ARAMIS Trial[@CIT0034]EnzalutamideApalutamideDarolutamideDesignPhase III trialPlacebo-controlled2:1 randomization ratioPhase III trialPlacebo-controlled2:1 randomization ratioPhase III trialPlacebo-controlled2:1 randomization ratioSample size1,4011,2071,509PopulationHigh-risk nmCRPC (PSAdt \< 10 months)High-risk nmCRPC (PSAdt \< 10 months)High-risk nmCRPC (PSAdt \< 10 months)N1 diseaseNot includedIncluded (\< 2 cm)Included (\< 2 cm)1 endpointMetastasis-free survivalMetastasis-free survivalMetastasis-free survivalMedian time to PSA progression (months)37.2 vs 3.9 mo (P\<0.001)NR vs 3.7 mo33.2 vs 7.3 mo (P\<0.001)Median MFS (months)36.6 vs 14.7 mo (P\<0.001)40.5 vs 16.2 mo (P\<0.001)40.4 vs 18.4 mo (P\<0.001)Overall Survival (months)NR vs NR (P\>0.05\*)NR vs 39 (P=0.07\*)NR vs NR (P= 0.045\*)[^2]

The PROSPER study was a double-blind placebo controlled study which randomized 1,401 patients in a 2:1 ratio to receive enzalutamide 160 mg daily or matching placebo. The primary endpoint of the study was met with a median MFS of 36.6 versus 14.7 months favoring the enzalutamide arm (hazard ratio \[HR\] 0.29; 95% confidence interval \[CI\], 0.24 to 0.35; P\<0.001). Moreover, time to PSA progression (37.2 vs. 3.9 months; HR 0.07; P\<0.001) and time to subsequent systemic therapy (39.6 vs. 17.7 months; hazard ratio, 0.21; P\<0.001) were longer in the enzalutamide arm, confirming its meaningful clinical activity in the nmCRPC space. The safety profile of enzalutamide was consistent with previous phase III studies in the mCRPC setting, mainly grade 1-2 fatigue (33%), hypertension (12%), falls (11%) and nausea (11%). In the first interim analysis, the OS data was still immature and not different between the treatment groups although longer follow-up is planned.[@CIT0032]

The SPARTAN trial had a very similar design compared to the PROSPER study, and randomized patients to receive apalutamide 240 mg daily versus placebo in a 2:1 fashion. This study also met its primary endpoint, with a significant increase in the median MFS favoring the apalutamide group: 40.5 versus 16.2 months (HR 0.28; 95% confidence interval \[CI\], 0.23 to 0.35; P\<0.001). Apalutamide demonstrated impressive antitumor activity, with significant improvements in PSA responses (89.7% vs 2.2%) and median time to symptomatic progression. Also, the exploratory endpoint second-progression-free survival (time between randomization to disease progression after subsequent therapy) was longer in the apalutamide arm, suggesting that early use of apalutamide does not preclude response to subsequent therapies for mCRPC. In terms of safety, apalutamide was generally well tolerated and main AEs compared to placebo included fatigue (30.4% vs 21.1%), hypertension (24.8% vs 19.8%), skin rash (23.8% vs 5.5%), falls (15.6% vs 9%), and weight loss (16.1% vs 6.3%), among others ([Table 3](#T0003){ref-type="table"}). Of note, 2 patients (0.2%) who received apalutamide developed seizures, and 8.1% developed hypothyroidism.[@CIT0033]Table 3Main Adverse Events Of Enzalutamide, Apalutamide And Darolutamide In The Pivotal Phase III Trials For nmCRPCDrug NamePROSPER Trial[@CIT0032]SPARTAN Trial[@CIT0033]ARAMIS Trial[@CIT0034]EnzalutamideApalutamideDarolutamideAEs leading to drug discontinuation9% vs 6%10.7% vs 7%8.9% vs 8.7%Grade ≥3 AEs31% vs 23%24.8% vs 23.1%24.7% vs 19.5%**AEs (Any grade**): Fatigue33.0%30.4%12.1% Hypertension12.0%24.8%6.6% RashNR23.8%2.9% Diarrhea10.0%20.3%6.9% Weight loss6.0%16.1%3.6% Falls11.0%15.6%4.2% Mental impairment5.0%5.1%0.9% Seizures\<1%0.2%0.2%[^3]

Darolutamide was then tested for nmCRPC in the phase III ARAMIS trial, which randomized 1,509 patients (also 2:1) to receive darolutamide 600 mg twice daily versus placebo.[@CIT0034] This study also met its primary endpoint and demonstrated a significant improvement in median MFS using darolutamide versus placebo (40.4 vs 18.4 months; HR 0.41; 95% CI, 0.34 to 0.50; P\<0.001). Darolutamide also significantly improved all secondary endpoints including time to pain progression, time to cytotoxic chemotherapy, and time to a symptomatic skeletal event; with a trend also towards improved overall survival (although the statistical boundary was crossed). In terms of tolerability, darolutamide was very well tolerated, with similar AEs compared to placebo, with the exception of fatigue, which was slightly greater in the darolutamide arm (12.1% vs 8.7%). Of note, there were no AE differences between darolutamide and placebo regarding the rates of hypertension, falls, cognitive disorders, or seizures. Moreover, the drug discontinuation rates of darolutamide and placebo were 8.9% and 8.7%, respectively, demonstrating the low toxicity potential of darolutamide. [Table 3](#T0003){ref-type="table"} depicts the adverse event (AE) profile of each AR antagonist in the phase III trials of nmCRPC.

Ongoing Studies With Darolutamide {#S0003-S2004}
---------------------------------

Beyond the initial clinical development of darolutamide and the published ARAMIS trial that demonstrated significant efficacy in nmCRPC, several ongoing trials are being conducted testing darolutamide in different prostate cancer scenarios.

The most notable ongoing study with darolutamide is the ARASENS trial, a placebo-controlled randomized phase III trial with a target population of 1,300 patients with metastatic castration-sensitive prostate cancer (mCSPC). In this trial (which has completed enrolment), patients have been randomized to receive darolutamide 600 mg or placebo twice daily with food, in addition to standard androgen ADT and up-front docetaxel. Importantly, this is the first study in mCSPC that uses chemo-hormonal therapy as the backbone for both study arms; therefore it aims to determine whether the incorporation of darolutamide will produce additional benefit beyond the backbone of ADT plus docetaxel. The primary endpoint of the ARASENS trial is overall survival, and several secondary endpoints include time to CRPC, time to initiation of subsequent therapy, symptomatic skeletal event-free survival, and others including QoL. The top-line results of this study are eagerly awaited, and have not been reported or presented yet. To date, the available data from randomized trials support ADT plus docetaxel OR a next-generation ARSi (abiraterone, enzalutamide, apalutamide) for the treatment of mCSPC, but not both at the same time in the opinion of the authors.

There are also ongoing phase II trials such as an EORTC trial comparing ADT versus darolutamide monotherapy in men with hormone-naïve prostate cancer, with a primary endpoint of 6-month PSA response rate, and secondary endpoints including quality of life. Additionally, based on the impression of improved tolerability and favorable adverse event profile similar to placebo in the ARAMIS trial, the ODENZA trial will compare darolutamide versus enzalutamide in the mCRPC space with a primary endpoint of patient preference. [Table 4](#T0004){ref-type="table"} summarizes the ongoing trials with darolutamide across prostate cancer disease states. Table 4Selected Ongoing Trials With Darolutamide In Prostate CancerStudy/SponsorSettingTarget AccrualDesignStudy ArmsPrimay EndpointClinicalTrials.gov IdentifierARASENSmCSPC1,300Phase IIIADT+Docetaxel + Darolutamide vs ADT + Docetaxel + PlaceboOSNCT02799602EORTC-1532CSPC250Phase IIADT vs DarolutamidePSA responseNCT02972060SGCCRmCRPC88Phase IIMaintanance after docetaxel: Darolutamide vs PlaceborPFSNCT02933801ODENZAmCRPC250Phase IIEnzalutamide vs DarolutamidePatient preferenceNCT03314324INTREPIdLocalized220Phase IIRT + ADT + Bicalutamide vs RT + darolutamidePSA nadir ≤ 0.5NCT04025372[^4]

Perspectives And Conclusions {#S0004}
============================

Androgen receptor signaling inhibitors (ARSi) have demonstrated significant improvements in survival, metastasis-free survival and quality of life in different clinical states of advanced prostate cancer, including metastatic castration-sensitive and non-metastatic as well as metastatic castration-resistant disease. Darolutamide is a next-generation AR antagonist with a distinct molecular structure compared to enzalutamide and apalutamide, and preclinical data suggest more potent AR inhibition, negligible blood-brain barrier penetration and no activation of AR mutations such as AR(F877L). Moreover, phase II and III data demonstrate high anti-tumor activity and a very safe toxicity profile, similar to placebo in the ARAMIS study. Ongoing studies are underway with the goal of expanding the potential use of darolutamide for advanced prostate cancer, including the ARASENS trial in mCSPC, the results of which are eagerly awaited.

One potential advantage of darolutamide (over enzalutamide and apalutamide) is the lower risk of cytochrome P450 (CYP450) drug-drug interactions, since several patients with advanced prostate cancer have significant comorbidities and are usually receiving multiple concurrent medications. Differently from enzalutamide and apalutamide, which are strong CYP3A4 inducers, a recent study with darolutamide has shown no clinically relevant inhibition of CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, or 3A4.[@CIT0041] It is possible that this difference regarding drug-drug interactions may be the reason why there were no significant differences in terms of toxicity between darolutamide and placebo in the ARAMIS trial, considering that 98% of the patients on the trial were receiving at least one concurrent medication. For this reason, darolutamide might be the most attractive partner for combination with other AR-directed and non-AR agents in future clinical trials. Furthermore, due to less CNS penetration and central adverse events, darolutamide may theoretically cause less additive side effects when combined with other agents that may cross the blood-brain barrier. In addition, this agent could potentially be tested in patients with CNS disorders (e.g. cognitive impairment, dementia, ataxia, apraxia) without worsening such conditions, while enzalutamide and apalutamide would generally be discouraged in these settings.

However, darolutamide also faces certain challenges moving forward. First, it is the third drug to market for the nmCRPC indication, and it may have trouble capturing a market share due to the existing familiarity of the other two AR-directed agents. Second, there is a concern that the ARASENS trial might be a negative study. To this end, in the ENZAMET trial, the added value of enzalutamide in men who also received up-front docetaxel chemotherapy was more questionable in terms of overall survival gains.[@CIT0030] So it is possible that the use of darolutamide in a population of patients all of whom are already getting chemo-hormonal therapy may not translate into a survival benefit. Finally, it is unlikely that darolutamide will obtain an indication for use in the mCRPC space any time soon, as there are currently no ongoing pivotal trials testing this agent in the mCRPC population. Indeed, such trials would be difficult to conduct, and would probably require some type of head-to-head comparison against apalutamide or enzalutamide.

Nevertheless, the availability of one more AR-targeting agent in our therapeutic armamentarium is a welcome addition, and may lead to cost-reductions in a competitive market place. The ongoing trials with darolutamide and the future combination strategies are likely to shed additional light on other uses for this drug as well as the optimal combinations for synergy. These and other studies will keep the field busy for many years to come.
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[^1]: **Note:** \*Transactivation assays in AR-HEK293 cells stably expressing full-length AR. Data from Moilanen et al.[@CIT0036]

    **Abbreviations:** AR, androgen receptor; IC~50~, half maximal inhibitory concentration.

[^2]: **Note:** \*not statistically significant with current follow-up.

    **Abbreviations:** N1, loco-regional (pelvic) lymph node metastasis; MFS, metastasis-free survival; AE, adverse events; nmCRPC, non-metastatic castration-resistant prostate cancer; NR, not reached.

[^3]: **Abbreviations:** AE, adverse events; NR, not reported.

[^4]: **Abbreviations:** EORTC, European Organisation for Research and Treatment of Cancer; SGCCR, Swiss Group for Clinical Cancer Research; mCSPC, metastatic castration-sensitive prostate cancer; mCRPC, metastatic castration-resistant prostate cancer; ADT, androgen deprivation therapy; OS, overall survival; PSA, prostate specific antigen; rPFS, radiographic progression-free survival; RT, radiation therapy.
